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Accepted 13 November 2017Global rates of obesity continue to rise and are necessarily the consequence of a long-term
imbalance between energy intake and energy expenditure. This is the result of an
expansion of adipose tissue due to both the hypertrophy of existing adipocytes and
hyperplasia of adipocyte pre-cursors. Exercise elicits numerous physiological benefits on
adipose tissue, which are likely to contribute to the associated cardiometabolic benefits.
More recently it has been demonstrated that exercise, through a range of mechanisms,
induces a phenotypic switch in adipose tissue from energy storing white adipocytes to
thermogenic beige adipocytes. This has generated the hypothesis that the process of
adipocyte ‘browning’ may partially underlie the improved cardiometabolic health in
physically active populations. Interestingly, ‘browning’ also occurs in response to various
stressors and could represent an adaptive response. In the context of exercise, it is not clear
whether the appearance of beige adipocytes is metabolically beneficial or whether they
occur as a transient adaptive process to exercise-induced stresses. The present review
discusses the various mechanisms (e.g. fatty acid oxidation during exercise, decreased
thermal insulation, stressors and angiogenesis) by which the exercise-induced ‘browning’
process may occur.
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Adipose tissue typically accounts for ~20–28% of total body
mass in lean humans, with variance largely due to biological
sex, and in the obese state can account for ~80% of body
weight [1]. It is well understood that adipose tissues vary in
their function and are dependent on both the type and
anatomical location of the depot. Subcutaneous adipose
tissue (ScAT), located under the skin, accounts for the
majority of total white adipose tissue (WAT) in humans [2].
Visceral adipose tissue (VAT), located around the kidneys
(perirenal), intestines (mesenteric and omental), vasculature
(perivascular) and heart (epicardial/paracardial) normally
accounts for much less but poses a far greater cardiometa-
bolic risk following expansion [3]. Far from being “merely”
energy storage depots, adipose tissues are potentially the
largest endocrine organ in the body and, by the secretion of
numerous factors, can regulate a range of physiological
functions including metabolic homeostasis, appetite, angio-
genesis, immunity and the cardiovascular system [4].
Conversely, brown adipose tissue (BAT) is located primarily
in the supraclavicular region but also in smaller amounts
around the kidneys, vasculature and heart [5]. BAT is respon-
sible for adaptive thermogenesis, which preserves homeostasis
in response to a thermal stimulus (e.g. temperature and/or
energy balance); for example by uncoupling oxidative metabo-
lism from ATP production in favour of heat production via
uncoupling protein 1 (UCP1) [6]. The re-discovery of this tissue
in adult humans [7] and its association with multiple param-
eters of metabolic health [8–10] and cardiovascular events [11]
has led to huge interest in the potential to activate this tissue to
combat obesity-associated cardiometabolic disease. More re-
cently it has been shown that, following a stimulus (e.g.
exercise), brown-like UCP1+ cells termed ‘beige’ adipocytes
appear interspersed in what were previously classical white
depots [12,13]. It has therefore been suggested that these beige
adipocytes: a) are distinct in origin, deriving from a lineage not
shared with brown or white adipocytes; b) appear due to the
trans-differentiation of pre-existing white adipocytes; or c)
arise from a combination of the above [14]. It is important to
note, however, that the molecular signature of both brown and
beige adipocytes differs between small animals and humans
[15]. In rodents, brown and beige adipocytes are anatomically
distinct and clearly distinguishablewhereas in humans current
evidence suggests BAT is a heterogeneous depot expressing
markers of both brownand beige adipocytes [16,17]. As such, for
the purpose of this review we will use the term ‘browning’ to
describe the appearance of UCP1+ adipocytes. Species differ-
ences in molecular signature aside, the ‘browning’ of white
adipose tissues has becomean attractive therapeutic target due
to mounting evidence suggesting that these ‘beige’ cells aremetabolically active, contributing to both thermogenesis and
metabolic health [17,18].
Exercise and physical activity play a key role inmodulating
many parameters of cardiometabolic health, eliciting several
benefits on adipose tissues [19]. A reduction in adipocyte size
can be seen with exercise training [20], although this effect
seems to be sex-specific as females undergoing the same
training regime as men exhibited no changes in body mass or
adipocyte size [21]. Furthermore, exercise training elicits
improvements in adipose tissue inflammation [22], vascular-
ity [23] and mitochondrial biogenesis [24], increasing the
supply of oxygen and nutrients to the tissue and improving
their oxidative capacity. More recently it has emerged that
factors produced during exercise by skeletal muscle, adipose
tissue and potentially the liver act to induce the ‘browning’ of
WAT in an endocrine and/or paracrine manner. Of these,
irisin, a PPARγ coactivator-1α (PGC1-α) dependent myokine
[25], has generated the most interest as a browning agent,
although there is major controversy surrounding the results
and validity of this purported myokine [26]. Numerous other
factors that promote ‘browning’ are also altered during or
following exercise, such as interleukin-6 [27], B-aminoisobutyric
acid [28], meteorin-like [29], fibroblast growth factor-21 [30],
natriuretic peptides (NP's) [31–33] and lactate [34], leading many
to suggest that the long-lastingmetabolic effects of exercisemay
bedue to the ‘browning’ ofwhite adipose tissues. However,many
of these indices have only been validated in-vitro or in animal
models and as such their role in ‘browning’ human WAT are
currently unknown.2. Regulation of Adipose Tissue Metabolism
During Exercise
Despite the therapeutic potential of thermogenic ‘beige’ cells,
it is not entirely clear why they appear during exercise, a time
of heat production [35]. It has been suggested, however, that
following the lipolytic response to exercise and subsequent
increase in circulating non-esterified fatty acids (NEFA) there
is a need for other areas of oxidation and that the browning of
white adipocytes provides these sites in order to maintain
NEFA flux [36]. Adipose tissue metabolism during exercise is
regulated by multiple factors released both centrally and
peripherally to modulate the rate of NEFA uptake and release.
The major endocrine mechanism is increased plasma epi-
nephrine which, acting through cyclic AMP (cAMP) and
protein kinase A (PKA), phosphorylates adipose triglyceride
lipase (ATGL) to stimulate lipolysis andmaintain NEFA supply
during exercise, a response that is abolished following the
blockade of B-adrenoreceptors with propanalol [37,38]. Other
lipolytic factors include norepinephrine (NE), glucagon,
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exercise-induced lipolysis [38], whilst glucagon and cortisol
concentrations increase later in exercise and bind to stimu-
latory GTP-binding protein to activate ATGL through cAMP
and PKA [37]. NP's are increased during exercise of moderate
intensity and stimulate lipolysis through the activation of
cGMP-dependant protein kinase I (cGKI) and subsequent
phosphorylation of perilipin 1 and hormone-sensitive lipase
(HSL) [39]. Altered concentrations of adenosine and insulin act
against these signals to regulate lipolysis and prevent
excess release of NEFA, which is apparent when the
typical exercise-induced reduction in insulin is absent
[40]. Post-exercise, lipolysis stabilises but remains higher
compared to rest for up to 24 h, thus even a single bout of
exercise can influence energy expenditure/balance over
the next day [41] and modulate insulin sensitivity for up
to 48 h [42]. Whilst exercise elicits substantial alterations
in adipose tissue metabolism, whether the ‘browning’ that
occurs following exercise training occurs during an acute
bout of exercise to facilitate the oxidation of excess NEFA
as postulated by Virtanen [36] remains to be determined.
Intriguingly, two recent groups have demonstrated that
BAT lipolysis is not essential for cold-induced thermogen-
esis whereas WAT lipolysis is crucial, fuelling thermogen-
esis during fasting [43,44]. It would be interesting to know,
in the context of the hypothesis by Virtanen [36], whether
WAT lipolysis is also essential for the ‘browning’ seen
following exercise.3. Is Exercise Induced ‘Browning’ a Consequence
of Reduced Adiposity?
Regular exercise can improve body composition, including
reduced adiposity and/or increased muscle mass. A particu-
larly interesting recent finding was that the phenotypic
switch towards thermogenic brown cells shown following
exercise in rats primarily occurred in subcutaneous depots,
which was concomitant with alterations in BAT morphology
(i.e. whitening) and a decreased thermogenic capacity [45].
Exercise training reduced adiposity but the appearance of
multilocular adipocytes, thermogenic genes and increase in
oxidative capacity were only evident in the inguinal depot
(visceral depots being resistant), suggesting depot-specificity.
These inter-depot differences, also highlighted by De Jong
et al. [46], are of particular interest as exercise does not
induce browning in humanWAT biopsies [47] and suggests a
single biopsy is not an appropriate method to detect
browning in humans (at least until we better understand
how this process is regulated across both a single depot and
between depots). Whilst challenging, future human studies
should be designed to examine the response to exercise both
at multiple sites in the same adipose depot and also across
different depots.
The ‘whitening’ of BAT and reduced thermogenic capacity
following exercise training was suggested to be a counter-
regulatory mechanism whereby the ability of BAT to expend
energy is reduced during times of increased energy expendi-
ture [48–50]. However, the discovery that exercise induces
browning of subcutaneous depots whilst simultaneouslyincreasing lipid content in BAT has led to suggestions for
other roles of exercise induced ‘browning’. It is now postulat-
ed, in rodents, that a reduction in BAT occurs in response to
regular increases in core body temperature, whilst the
browning of subcutaneous WAT occurs due to a reduction in
total mass and thus the degree of insulation conferred by this
depot [45,51]. Whilst this theory is consistent with multiple
findings that high-fat feeding and resultant excess subcuta-
neous adiposity decreases UCP1 content [52], recent evidence
in mice suggests that adipose tissue does not confer any
insulatory properties [53]. However, given that rodents are
typically cold-exposed throughout life [54], the ‘browning’
seen in subcutaneous adipose tissues following exercise
could be an adaptive mechanism to increase the thermal
potential of reduced adiposity, thus offsetting any increased
sensation of peripheral cold. Interestingly, recent work by
Peppler and colleagues demonstrated that removal of IWAT
by lipectomy did not attenuate the metabolic benefits of
wheel-running in mice and that a compensatory browning
was not shown in epididymal WAT despite the reduction in
adiposity [55]. However, compensatory browning in the face
of reduced adiposity may be limited to ScAT. Had other ScAT
depots, or in fact dermal AT been collected an induction of
thermogenic genes may have been present. Whilst the
authors note the limited clinical relevance of their model
it suggests the importance of exercise-induced browning of
IWAT is negligible and is of particular relevance given that
humans have not been shown to exhibit ‘browning’ follow-
ing exercise but still exhibit numerous metabolic benefits
[56–58]. Whilst human WAT biopsies may not be the most
effective way to detect ‘browning’ due to the limited
amount of tissue relative to depot mass, exercise does
reduce BAT mass and activity in athletic humans [47,59].
This is consistent with rodent data and the notion that the
thermogenic capacity of BAT may be reduced in the
presence of regular increases in core body temperature.
Given the inverse relationship between BAT mass and lean
mass [23], it is possible that the recruitment of a large
muscle mass during exercise training negates the need for
BAT, given the potentially superior capacity for muscle to
generate heat [60].4. ‘Browning’ as an Adaptive Mechanism to
Exercise-Induced Stress?
There is a growing consensus that the ‘browning’ of adipose
tissues occurs as an adaptive mechanism to certain stresses,
aside from the atypical stress of a reduced ambient temper-
ature. This stress-induced ‘browning’ has been shown in
numerous clinical populations including those suffering burn
injuries and pheocromocytoma [13,61]. The hypermetabolic
state induced by burn injury is derived from a chronic
increase in circulating catecholamines and IL-6 which induce
the remodelling of subcutaneous adipose tissue [13,62]. This
chronic stress increases mitochondrial mass in ScAT, expres-
sion of thermogenic markers such as UCP1 and PGC1a in
addition to whole body energy expenditure [63]. These factors
that are thought to play a major role in the hypermetabolism
evident in cancer patients, contributing to the cachexic state
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ological stressors such as regular chronic sympathetic
activation leading to increases in catecholamine secretion
and IL-6 after only 6 min of exercise [66], whilst 25-fold
increases in IL-6 are seen during longer running protocols
in humans and are maintained 2.5 h post-exercise [67].
Whether the effects of IL-6 on adipose tissue are due to
its pro- or anti-inflammatory properties or due to the
synergistic immune response following exercise which
includes alterations in IL-1ra and IL-10 [68] for instance
is unknown.
Rodent studies suggest that the metabolic benefits of both
BAT and the exercise-induced browning of ScAT are depen-
dent on the presence of IL-6, with no effect in IL-6 k/o mice;
again, whether this is simply an effect of IL-6 or due to the
effect of its absence on other factors is unclear [69,70].
Accumulating evidence suggests that ‘browning’ is associated
with reduced adipose tissue inflammation, so the ‘browning’
seen with exercise could be an adaptive response to
increased inflammatory markers such as IL-6 [22]. There
are other factors indicating a role for browning as an
adaptive mechanism to exercise-induced stresses. In par-
ticular, the recent finding that lactate administration
induces browning, thus maintaining intracellular redox
state [34]. Whilst lactate was not reported in response to
exercise in that study, both the treatment of murine and
human adipocytes with lactate and its exogenous adminis-
tration in-vivo induced UCP1 in a redox state dependent
manner [34]. Physical exercise is a source of free radicals,
occurring primarily during strenuous or prolonged exercise
and whilst these free radicals can, depending on the state of
antioxidant defence, cause cellular damage at high levels
they are also important signalling molecules [71]. In the
context of exercise, the increase in free radicals could
modulate changes in the intracellular redox state of WAT,
with lactate being an evolutionary mechanism to modulate
redox state by inducing the brown phenotype. BAT has an
abundance of antioxidant enzymes, including UCP1 (which
itself plays a key role in regulating ROS production) [72,73]
although, as discussed above, chronic exposure to a higher
core temperature during exercise training may downregu-
late its activity. As such, ‘browning’ in other depots may be
a compensatory mechanism for a reduction in BAT mito-
chondrial function.
Another mechanism by which “browning” could occur is
through the increase in NP secreted from cardiac tissues in
response to the increased stress and demands placed on the
cardiac system during exercise [31]. Whilst NP induce
browning in subcutaneous adipose tissues [31], it is feasible
that their prime target is the local adipose tissues around
heart and vasculature that modulate bothmyocardial [74] and
vascular [75] redox state, in order to attenuate excess
oxidative stress within the heart and vasculature.5. Does Exercise-Induced AngiogenesisModulate
the Expression of Beige Cells?
An increase in angiogenesis and vascularisation of tissues
and organs, with raised oxygenation, blood flow and nutrientdelivery is one of the mechanisms through which exercise
improves cardiometabolic health [76]. Unlike classical BAT
which shares origins with skeletal muscle, beige adipocytes
were originally shown to originate from vascular smooth
muscle cells and subsequently it was demonstrated that
most, if not all beige adipocytes are derived from the vascular
niche [77,78]. This is particularly interesting given that
browning occurs in a distinct region of the inguinal depot
along the main vasculature and suggests that angiogenesis
and/or the proliferation of vascular smooth muscle cells into
beige adipocytes may be key to this regional browning effect
[79]. Further evidence to support a role of exercise-induced
angiogenic mechanisms in the induction of the beige pheno-
types comes from data demonstrating that adipose specific
over-expression of vascular endothelial growth factor (VEGF;
a key regulator of angiogenesis) reproduces the browning that
occurs in an enriched environment, effects which were
negated with adipose specific VEGF k/o and VEGF blockade
[80]. This suggests that VEGF and related angiogenic mecha-
nisms are essential for the browning effect induced by
exercise.
More recently it has been shown that expansion of the
adipose vasculature by another member of the VEGF family,
VEGFB (plus its receptor VEGFR1), prevents the occurrence of
several aspects of obesity-induced metabolic dysfunction
concomitant with increased vascularisation and thermogenic
markers in WAT [81]. In the obese state the dysfunction of
adipose tissues and the ‘whitening’ of BAT stems from the
adipocytes becoming hypertrophic and outstripping the
vasculature to become hypoxic [82,83]. Thus it is likely that
the restoration of the vascular supply to these tissues can
induce or restore the brown phenotype and, in the case of
exercise, the induction of angiogenic genes will promote the
vascular supply in WAT to induce ‘browning’. Whether
‘browning’ is an essential end-product of this process or a
simple by-product of an increased vascularisation and differ-
entiation of pre-cursor cells from the vascular niche remains
to be determined. Furthermore, it is worth noting the
presence, location and relevance of the lymph node in
relation to the regionalisation of ‘browning’ demonstrated
by Barreau et al. [79].
Exercise training triggers multiple complex changes in
immune function [84] and emerging evidence suggests that
innate immune cells control brown and beige adipogenesis
[85]. Meteorin-like is produced following resistance train-
ing via the induction of the PGC1α isoform PGC1α 4 and
induces the browning of adipose tissues by stimulating IL-4
and IL-13 secretion from eosinophils and the activation of
alternate M2 macrophages [29]. Whilst the role of catechol-
amine production from macrophages has recently been
questioned, the use of bone-marrow derived macrophages
and not tissue resident macrophages leaves such questions
unanswered, particularly as the latter may play a local
role in immune-adipose crosstalk. Just as UCP2 regu-
lates immune cell metabolism, differentiation and survival,
it is feasible UCP1 may play a similar role in adipose tissue
[86,87]. Finally, immune cells produced post-exercise from
the lymph node may have a local effect on neighbouring
adipocytes leading to the region specific ‘browning’ seen by
others [79].
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Exercise, through various secreted factors and mechanisms
induces a ‘browning’ of WAT. However, the physiological
explanation for this process is unclear. From an evolutionary
point of view the preservation of energy stores is vital. Why
then would exercise cause the appearance of thermogenic
adipocytes that can increase energy expenditure? It is
plausible that our lean and active ancestors naturally
possessed large quantities of brown or beige adipocytes.
Our subsequent transition to a modern, largely sedentary
population has meant these adipocytes have undergone a
‘whitening’ and the ‘browning’ that occurs in response to
exercise is actually a transition back to their natural state.
Despite a lack of understanding as to why exercise should
elicit these effects on adipose tissue, it is worth noting
Orgel's second law: “Evolution is cleverer than you are”.
Based on this rule there is likely a valid physiological
explanation(s) for the ‘browning’ process that is yet to be
discovered.
Whilst exercise induces a brown phenotype in rodent
ScAT, it is not yet clear whether exercise elicits similar effects
in humans though the available data suggests that, similar to
rodents, exercise downregulates both the mass and activity of
human BAT. Whether this is compensated for by browning of
WAT or is due to the significant increases in muscle mass and
therefore greater capacity for shivering thermogenesis re-
mains to be established.
At present both rodent and human evidence is based on
either sedentary or exercise-trained populations, with little
attention given to the role of physical activity per se. Whether
regular physical activity rather than exercise training poten-
tiates any thermogenic effects on adipose tissues is unknown
but, considering the effects of regular physical activity on
adiposity and cardiometabolic health, is an area that merits
investigation. Studies investigating regular physical activity
would also not be confounded by increases in core body
temperature and reductions in adiposity, so would rule out
these hypothetical mechanisms.Acknowledgements
This work was supported by the British Heart Foundation
[grant number FS/15/4/31184/].Disclosure Statement
The authors report no relationships that could be construed
as a conflict of interest.R E F E R E N C E S
[1] Thompson D, Karpe F, Lafontan M, Frayn K. Physical
activity and exercise in the regulation of human
adipose tissue physiology. Physiol Rev 2012;92:157–91.
https://doi.org/10.1152/physrev.00012.2011.[2] Thomas EL, Saeed N, Hajnal JV, Brynes A, Goldstone AP, Frost
G, et al. Magnetic resonance imaging of total body fat. J Appl
Physiol 1998;85:1778–85.
[3] Despres JP. Is visceral obesity the cause of the metabolic
syndrome? Ann Med 2006;38:52–63. https://doi.org/10.1080/
07853890500383895.
[4] Coelho M, Oliveira T, Fernandes R. Biochemistry of adipose
tissue: an endocrine organ. Arch Med Sci 2013;9:191–200.
https://doi.org/10.5114/aoms.2013.33181.
[5] Sacks H, SymondsME. Anatomical locations of human brown
adipose tissue: functional relevance and implications in
obesity and type 2 diabetes. Diabetes 2013;62:1783–90.
https://doi.org/10.2337/db12-1430.
[6] Cannon B, Nedergaard J. Brown adipose tissue: function and
physiological significance. Physiol Rev 2004;84:277–359.
https://doi.org/10.1152/physrev.00015.2003.
[7] Cypess AM, Lehman S, Williams G, Tal I, Rodman D, Goldfine
AB, et al. Identification and importance of brown adipose
tissue in adult humans. N Engl J Med 2009;360:1509–17.
https://doi.org/10.1056/NEJMoa0810780.
[8] van Marken Lichtenbelt WD, Vanhommerig JW, Smulders
NM, Drossaerts JM, Kemerink GJ, Bouvy ND, et al. Cold-
activated brown adipose tissue in healthy men. N Engl J Med
2009;360:1500–8. https://doi.org/10.1056/NEJMoa0808718.
[9] Matsushita M, Yoneshiro T, Aita S, Kameya T, Sugie H, Saito
M. Impact of brown adipose tissue on body fatness and
glucose metabolism in healthy humans. Int J Obes (Lond)
2014;38:812–7. https://doi.org/10.1038/ijo.2013.206.
[10] Yoneshiro T, Aita S, Matsushita M, Okamatsu-Ogura Y,
Kameya T, Kawai Y, et al. Age-related decrease in cold-
activated brown adipose tissue and accumulation of body fat
in healthy humans. Obesity (Silver Spring) 2011;19:1755–60.
https://doi.org/10.1038/oby.2011.125.
[11] Takx R, Ishai A, Truong QA, MacNabb MH, Scherrer-Crosbie
M, Tawakol A. Supraclavicular Brown adipose tissue FDG
uptake and cardiovascular disease. J Nucl Med 2016. https://
doi.org/10.2967/jnumed.115.166025.
[12] De Matteis R, Lucertini F, Guescini M, Polidori E, Zeppa S,
Stocchi V, et al. Exercise as a new physiological stimulus for
brown adipose tissue activity. Nutr Metab Cardiovasc Dis
2013;23:582–90. https://doi.org/10.1016/j.numecd.2012.01.013.
[13] Sidossis LS, Porter C, Saraf MK, Borsheim E, Radhakrishnan
RS, Chao T, et al. Browning of Subcutaneous White Adipose
Tissue in Humans after Severe Adrenergic Stress. Cell Metab
2015;22:219–27. https://doi.org/10.1016/j.cmet.2015.06.022.
[14] Sanchez-Gurmaches J, Guertin DA. Adipocyte lineages: trac-
ing back the origins of fat. Biochim Biophys Acta 2014;1842:
340–51. https://doi.org/10.1016/j.bbadis.2013.05.027.
[15] Liu X, Cervantes C, Liu F. Common and distinct regulation of
human and mouse brown and beige adipose tissues: a
promising therapeutic target for obesity. Protein Cell 2017;8:
446–54. https://doi.org/10.1007/s13238-017-0378-6.
[16] Jespersen NZ, Larsen TJ, Peijs L, Daugaard S, Homoe P, Loft A,
et al. A classical brown adipose tissue mRNA signature partly
overlaps with brite in the supraclavicular region of adult
humans. Cell Metab 2013;17:798–805. https://doi.org/10.1016/
j.cmet.2013.04.011.
[17] Wu J, Bostrom P, Sparks LM, Ye L, Choi JH, Giang AH, et al.
Beige adipocytes are a distinct type of thermogenic fat cell in
mouse and human. Cell 2012;150:366–76. https://doi.org/10.
1016/j.cell.2012.05.016.
[18] Shabalina IG, Petrovic N, de Jong JM, Kalinovich AV, Cannon
B, Nedergaard J. UCP1 in brite/beige adipose tissue mito-
chondria is functionally thermogenic. Cell Rep 2013;5:
1196–203. https://doi.org/10.1016/j.celrep.2013.10.044.
[19] Joyner MJ, Green DJ. Exercise protects the cardiovascular
system: effects beyond traditional risk factors. J Physiol
2009;587:5551–8. https://doi.org/10.1113/jphysiol.2009.
179432.
68 M E T A B O L I S M C L I N I C A L A N D E X P E R I M E N T A L 8 1 ( 2 0 1 8 ) 6 3 – 7 0[20] Despres JP, Bouchard C, Savard R, Tremblay A, Allard C. Lack of
relationship between changes in adiposity and plasma lipids
following endurance training. Atherosclerosis 1985;54:135–43.
[21] Despres JP, Bouchard C, Savard R, Tremblay A, Marcotte M,
Theriault G. The effect of a 20-week endurance training
program on adipose-tissue morphology and lipolysis in men
and women. Metabolism 1984;33:235–9.
[22] Haczeyni F, Barn V, Mridha AR, Yeh MM, Estevez E, Febbraio
MA, et al. Exercise improves adipose function and inflam-
mation and ameliorates fatty liver disease in obese diabetic
mice. Obesity (Silver Spring) 2015;23:1845–55. https://doi.org/
10.1002/oby.21170.
[23] Disanzo BL, You T. Effects of exercise training on indicators
of adipose tissue angiogenesis and hypoxia in obese rats.
Metabolism 2014;63:452–5. https://doi.org/10.1016/j.metabol.
2013.12.004.
[24] Vieira VJ, Valentine RJ. Mitochondrial biogenesis in adipose
tissue: can exercise make fat cells 'fit'? J Physiol 2009;587:
3427–8. https://doi.org/10.1113/jphysiol.2009.175307.
[25] Bostrom P, Wu J, Jedrychowski MP, Korde A, Ye L, Lo JC, et al.
A PGC1-alpha-dependent myokine that drives brown-fat-like
development of white fat and thermogenesis. Nature 2012;
481:463–8. https://doi.org/10.1038/nature10777.
[26] Albrecht E, Norheim F, Thiede B, Holen T, Ohashi T, Schering
L, et al. Irisin - a myth rather than an exercise-inducible
myokine. Sci Rep 2015;5:8889. https://doi.org/10.1038/
srep08889.
[27] Ma Y, Gao M, Sun H, Liu D. Interleukin-6 gene transfer
reverses body weight gain and fatty liver in obese mice.
Biochim Biophys Acta 2015;1852:1001–11. https://doi.org/10.
1016/j.bbadis.2015.01.017.
[28] Kammoun HL, Febbraio MA. Come on BAIBA light my fire.
Cell Metab 2014;19:1–2. https://doi.org/10.1016/j.cmet.2013.12.
007.
[29] Rao RR, Long JZ, White JP, Svensson KJ, Lou J, Lokurkar I, et al.
Meteorin-like is a hormone that regulates immune-adipose
interactions to increase beige fat thermogenesis. Cell 2014;
157:1279–91. https://doi.org/10.1016/j.cell.2014.03.065.
[30] Giralt M, Gavalda-Navarro A, Villarroya F. Fibroblast growth
factor-21, energy balance and obesity. Mol Cell Endocrinol
2015;418(Pt 1):66–73. https://doi.org/10.1016/j.mce.2015.09.
018.
[31] Palmer BF, Clegg DJ. An emerging role of natriuretic peptides:
igniting the fat furnace to fuel andwarm theheart.MayoClin Proc
2015;90:1666–78. https://doi.org/10.1016/j.mayocp.2015.08.006.
[32] Bordbar S, Bigi MA, Aslani A, Rahimi E, Ahmadi N. Effect of
endurance and strength exercise on release of brain natri-
uretic peptide. J Cardiovasc Dis Res 2012;3:22–5. https://doi.
org/10.4103/0975-3583.91599.
[33] Follenius M, Brandenberger G. Increase in atrial natriuretic
peptide in response to physical exercise. Eur J Appl Physiol
Occup Physiol 1988;57:159–62.
[34] Carriere A, Jeanson Y, Berger-Muller S, Andre M, Chenouard
V, Arnaud E, et al. Browning of white adipose cells by
intermediate metabolites: an adaptive mechanism to allevi-
ate redox pressure. Diabetes 2014;63:3253–65. https://doi.org/
10.2337/db13-1885.
[35] Gagnon D, Jay O, Lemire B, Kenny GP. Sex-related differences
in evaporative heat loss: the importance of metabolic heat
production. Eur J Appl Physiol 2008;104:821–9. https://doi.org/
10.1007/s00421-008-0837-0.
[36] Virtanen KA. BAT thermogenesis: linking shivering to exer-
cise. Cell Metab 2014;19:352–4. https://doi.org/10.1016/j.cmet.
2014.02.013.
[37] Tsiloulis T, Watt MJ. Exercise and the regulation of adipose
tissue metabolism. Prog Mol Biol Transl Sci 2015;135:175–201.
https://doi.org/10.1016/bs.pmbts.2015.06.016.[38] Arner P, Kriegholm E, Engfeldt P, Bolinder J. Adrenergic
regulation of lipolysis in situ at rest and during exercise. J
Clin Invest 1990;85:893–8. https://doi.org/10.1172/JCI114516.
[39] Sengenes C, Bouloumie A, Hauner H, Berlan M, Busse R,
Lafontan M, et al. Involvement of a cGMP-dependent
pathway in the natriuretic peptide-mediated hormone-
sensitive lipase phosphorylation in human adipocytes. J Biol
Chem 2003;278:48617–26. https://doi.org/10.1074/jbc.
M303713200.
[40] Marker JC, Hirsch IB, Smith LJ, Parvin CA, Holloszy JO, Cryer
PE. Catecholamines in prevention of hypoglycemia during
exercise in humans. Am J Physiol 1991;260:E705-12.
[41] Magkos F, Mohammed BS, Patterson BW, Mittendorfer B. Free
fatty acid kinetics in the late phase of postexercise recovery:
importance of resting fatty acid metabolism and exercise-
induced energy deficit. Metabolism 2009;58:1248–55. https://
doi.org/10.1016/j.metabol.2009.03.023.
[42] Bogardus C, Thuillez P, Ravussin E, Vasquez B, Narimiga M,
Azhar S. Effect of muscle glycogen depletion on in vivo
insulin action in man. J Clin Invest 1983;72:1605–10. https://
doi.org/10.1172/JCI111119.
[43] Schreiber R, Diwoky C, Schoiswohl G, Feiler U, Wongsiriroj N,
Abdellatif M, et al. Cold-induced thermogenesis depends on
atgl-mediated lipolysis in cardiac muscle, but not brown
adipose tissue. Cell Metab 2017. https://doi.org/10.1016/j.
cmet.2017.09.004.
[44] Shin H, Ma Y, Chanturiya T, Cao Q, Wang Y, Kadegowda AKG,
et al. Lipolysis in Brown Adipocytes Is Not Essential for Cold-
Induced Thermogenesis in Mice. Cell Metab 2017. https://doi.
org/10.1016/j.cmet.2017.09.002.
[45] Wu MV, Bikopoulos G, Hung S, Ceddia RB. Thermogenic
capacity is antagonistically regulated in classical brown and
white subcutaneous fat depots by high fat diet and endur-
ance training in rats: impact on whole-body energy expen-
diture. J Biol Chem 2014;289:34129–40. https://doi.org/10.1074/
jbc.M114.591008.
[46] de Jong JM, Larsson O, Cannon B, Nedergaard J. A stringent
validation of mouse adipose tissue identity markers. Am J
Physiol Endocrinol Metab 2015;308:E1085-105. https://doi.org/
10.1152/ajpendo.00023.2015.
[47] Vosselman MJ, Hoeks J, Brans B, Pallubinsky H, Nascimento
EB, van der Lans AA, et al. Low brown adipose tissue activity
in endurance-trained compared with lean sedentary men. Int
J Obes (Lond) 2015. https://doi.org/10.1038/ijo.2015.130.
[48] Nozu T, Kikuchi K, Ogawa K, Kuroshima A. Effects of running
training on in vitro brown adipose tissue thermogenesis in
rats. Int J Biometeorol 1992;36:88–92.
[49] Larue-Achagiotis C, Rieth N, Goubern M, Laury MC, Louis-
Sylvestre J. Exercise-training reduces BAT thermogenesis in
rats. Physiol Behav 1995;57:1013–7.
[50] Yamashita H, Yamamoto M, Sato Y, Izawa T, Komabayashi T,
Saito D, et al. Effect of running training on uncoupling protein
mRNA expression in rat brown adipose tissue. Int J
Biometeorol 1993;37:61–4.
[51] Sepa-Kishi DM, Ceddia RB. Exercise-mediated effects on
white and brown adipose tissue plasticity and metabolism.
Exerc Sport Sci Rev 2016;44:37–44. https://doi.org/10.1249/JES.
0000000000000068.
[52] Fromme T, Klingenspor M. Uncoupling protein 1 expression
and high-fat diets. Am J Physiol Regul Integr Comp Physiol
2011;300:R1-. https://doi.org/10.1152/ajpregu.00411.2010.
[53] Fischer AW, Csikasz R, von Essen G, Cannon B, Nedergaard J.
No insulating effect of obesity. Am J Physiol Endocrinol Metab
2016;311:E202–13 [ajpendo 00093 02016] https://doi.org/10.
1152/ajpendo.00093.2016.
[54] Maloney SK, Fuller A, Mitchell D, Gordon C, Overton JM.
Translating animal model research: does it matter that our
69M E T A B O L I S M C L I N I C A L A N D E X P E R I M E N T A L 8 1 ( 2 0 1 8 ) 6 3 – 7 0rodents are cold? Physiology (Bethesda) 2014;29:413–20.
https://doi.org/10.1152/physiol.00029.2014.
[55] Peppler WT, Townsend LK, Knuth CM, Foster MT, Wright DC.
Subcutaneous inguinal white adipose tissue is responsive to,
but dispensable for, the metabolic health benefits of exercise.
Am J Physiol Endocrinol Metab 2017;314:E66–77 [ajpendo
00226 02017] https://doi.org/10.1152/ajpendo.00226.2017.
[56] Nakhuda A, Josse AR, Gburcik V, Crossland H, Raymond F,
Metairon S, et al. Biomarkers of browning of white adipose
tissue and their regulation during exercise- and diet-induced
weight loss. Am J Clin Nutr 2016;104:557–65. https://doi.org/
10.3945/ajcn.116.132563.
[57] Ronn T, Volkov P, Tornberg A, Elgzyri T, Hansson O, Eriksson
KF, et al. Extensive changes in the transcriptional profile of
human adipose tissue including genes involved in oxidative
phosphorylation after a 6-month exercise intervention. Acta
Physiol (Oxf) 2014;211:188–200. https://doi.org/10.1111/apha.
12247.
[58] Scheele C. Adipose adaptation to exercise training -increased
metabolic rate but no signs of browning. Acta Physiol (Oxf)
2014;211:11–2. https://doi.org/10.1111/apha.12280.
[59] Singhal V, Maffazioli GD, Ackerman KE, Lee H, Elia EF,
Woolley R, et al. Effect of chronic athletic activity on brown
fat in young women. PLoS One 2016;11:e0156353. https://doi.
org/10.1371/journal.pone.0156353.
[60] M UD, Raiko J, Saari T, Kudomi N, Tolvanen T, Oikonen V,
et al. Human brown adipose tissue [O]O PET imaging in the
presence and absence of cold stimulus. Eur J Nucl Med Mol
Imaging 2016. https://doi.org/10.1007/s00259-016-3364-y.
[61] Vergnes L, Davies GR, Lin JY, Yeh MW, Livhits MJ, Harari A,
et al. Adipocyte browning and higher mitochondrial function
in periadrenal but not SC fat in pheochromocytoma. J Clin
Endocrinol Metab 2016;101:4440–8. https://doi.org/10.1210/jc.
2016-2670.
[62] Patsouris D, Qi P, Abdullahi A, Stanojcic M, Chen P, Parousis
A, et al. Burn induces browning of the subcutaneous white
adipose tissue inmice and humans. Cell Rep 2015;13:1538–44.
https://doi.org/10.1016/j.celrep.2015.10.028.
[63] Razzoli M, Frontini A, Gurney A, Mondini E, Cubuk C, Katz LS,
et al. Stress-induced activation of brown adipose tissue
prevents obesity in conditions of low adaptive thermogene-
sis. Mol Metab 2016;5:19–33. https://doi.org/10.1016/j.molmet.
2015.10.005.
[64] Hetzler KL, Hardee JP, Puppa MJ, Narsale AA, Sato S, Davis JM,
et al. Sex differences in the relationship of IL-6 signaling to
cancer cachexia progression. Biochim Biophys Acta 2015;
1852:816–25. https://doi.org/10.1016/j.bbadis.2014.12.015.
[65] Tsoli M, Swarbrick MM, Robertson GR. Lipolytic and thermo-
genic depletion of adipose tissue in cancer cachexia. Semin
Cell Dev Biol 2015. https://doi.org/10.1016/j.semcdb.2015.10.
039.
[66] Nielsen HB, Secher NH, Christensen NJ, Pedersen BK.
Lymphocytes and NK cell activity during repeated bouts of
maximal exercise. Am J Physiol 1996;271:R222-27.
[67] Ostrowski K, Hermann C, Bangash A, Schjerling P, Nielsen JN,
Pedersen BK. A trauma-like elevation of plasma cytokines in
humans in response to treadmill running. J Physiol 1998;
513(Pt 3):889–94.
[68] Scott JP, Sale C, Greeves JP, Casey A, Dutton J, Fraser WD.
Effect of exercise intensity on the cytokine response to an
acute bout of running. Med Sci Sports Exerc 2011;43:2297–306.
https://doi.org/10.1249/MSS.0b013e31822113a9.
[69] Knudsen JG, Murholm M, Carey AL, Bienso RS, Basse AL, Allen
TL, et al. Role of IL-6 in exercise training- and cold-induced
UCP1 expression in subcutaneous white adipose tissue. PLoS
One 2014;9:e84910. https://doi.org/10.1371/journal.pone.
0084910.[70] Stanford KI, Middelbeek RJ, Townsend KL, An D, Nygaard EB,
Hitchcox KM, et al. Brown adipose tissue regulates glucose
homeostasis and insulin sensitivity. J Clin Invest 2013;123:
215–23. https://doi.org/10.1172/JCI62308.
[71] Powers SK, Jackson MJ. Exercise-induced oxidative stress:
cellular mechanisms and impact onmuscle force production.
Physiol Rev 2008;88:1243–76. https://doi.org/10.1152/physrev.
00031.2007.
[72] Oelkrug R, Goetze N, Meyer CW, Jastroch M. Antioxidant
properties of UCP1 are evolutionarily conserved in mammals
and buffer mitochondrial reactive oxygen species. Free Radic
Biol Med 2014;77:210–6. https://doi.org/10.1016/j.
freeradbiomed.2014.09.004.
[73] Kazak L, Chouchani ET, Stavrovskaya IG, Lu GZ,
Jedrychowski MP, Egan DF, et al. UCP1 deficiency causes
brown fat respiratory chain depletion and sensitizes
mitochondria to calcium overload-induced dysfunction.
Proc Natl Acad Sci U S A 2017. https://doi.org/10.1073/pnas.
1705406114.
[74] Antonopoulos AS, Margaritis M, Verheule S, Recalde A, Sanna
F, Herdman L, et al. Mutual regulation of epicardial adipose
tissue and myocardial redox state by PPAR-gamma/
adiponectin signalling. Circ Res 2016;118:842–55. https://doi.
org/10.1161/CIRCRESAHA.115.307856.
[75] Margaritis M, Antonopoulos AS, Digby J, Lee R, Reilly S,
Coutinho P, et al. interactions between vascular wall and
perivascular adipose tissue reveal novel roles for adiponectin
in the regulation of eNOS Function in human vessels.
Circulation 2013. https://doi.org/10.1161/circulationaha.112.
001133.
[76] Bloor CM. Angiogenesis during exercise and training. Angio-
genesis 2005;8:263–71. https://doi.org/10.1007/s10456-005-
9013-x.
[77] Berry DC, Jiang Y, Graff JM. Mouse strains to study cold-
inducible beige progenitors and beige adipocyte formation
and function. Nat Commun 2016;7:10184. https://doi.org/10.
1038/ncomms10184.
[78] Long JZ, Svensson KJ, Tsai L, Zeng X, Roh HC, Kong X, et al. A
smooth muscle-like origin for beige adipocytes. Cell Metab
2014;19:810–20. https://doi.org/10.1016/j.cmet.2014.03.025.
[79] Barreau C, Labit E, Guissard C, Rouquette J, Boizeau ML,
Gani Koumassi S, et al. Regionalization of browning
revealed by whole subcutaneous adipose tissue imaging.
Obesity (Silver Spring) 2016;24:1081–9. https://doi.org/10.
1002/oby.21455.
[80] During MJ, Liu X, Huang W, Magee D, Slater A, McMurphy T,
et al. Adipose VEGF links the white-to-brown fat switch with
environmental, genetic, and pharmacological stimuli in male
mice. Endocrinology 2015;156:2059–73. https://doi.org/10.
1210/en.2014-1905.
[81] Robciuc MR, Kivela R, Williams IM, de Boer JF, van Dijk TH,
Elamaa H, et al. VEGFB/VEGFR1-induced expansion of adi-
pose vasculature counteracts obesity and related metabolic
complications. Cell Metab 2016;23:712–24. https://doi.org/10.
1016/j.cmet.2016.03.004.
[82] Shimizu I, Aprahamian T, Kikuchi R, Shimizu A,
Papanicolaou KN, MacLauchlan S, et al. Vascular rarefaction
mediates whitening of brown fat in obesity. J Clin Invest 2014;
124:2099–112. https://doi.org/10.1172/JCI71643.
[83] Trayhurn P, Alomar SY. Oxygen deprivation and the cellular
response to hypoxia in adipocytes - perspectives on white
and brown adipose tissues in obesity. Front Endocrinol
(Lausanne) 2015;6:19. https://doi.org/10.3389/fendo.2015.
00019.
[84] Woods JA, Vieira VJ, Keylock KT. Exercise, inflammation, and
innate immunity. Immunol Allergy Clin North Am 2009;29:
381–93. https://doi.org/10.1016/j.iac.2009.02.011.
70 M E T A B O L I S M C L I N I C A L A N D E X P E R I M E N T A L 8 1 ( 2 0 1 8 ) 6 3 – 7 0[85] DiSpirito JR, Mathis D. Immunological contributions to
adipose tissue homeostasis. Semin Immunol 2015. https://
doi.org/10.1016/j.smim.2015.10.005.
[86] Chaudhuri L, Srivastava RK, Kos F, Shrikant PA. Uncoupling
protein 2 regulates metabolic reprogramming and fate of
antigen-stimulated CD8+ T cells. Cancer ImmunolImmunother 2016;65:869–74. https://doi.org/10.1007/s00262-
016-1851-4.
[87] Emre Y, Nubel T. Uncoupling protein UCP2: when
mitochondrial activity meets immunity. FEBS Lett
2010;584:1437–42. https://doi.org/10.1016/j.febslet.2010.
03.014.
